The primary electron donor P700 in photosystem I is composed of two chlorophylls P A and P B . P700 forms the cationic [P A /P B ] •+ state as a result of light-induced electron transfer. We obtained a P A •+ /P B •+ ratio of 28/72 and a spin distribution of 22/78 for the entire PSI protein-pigment complex. By considering the influence of the protein components on the redox potential for one-electron oxidation of P A /P B monomers, we found that the following three factors significantly contributed to a large P B •+ population relative to P A •+ : (i) Thr-A743 forming a H-bond with P A , (ii) P A as a chlorophyll a epimer, and (iii) a conserved PsaA/PsaB pair, the Arg-A750/Ser-B734 residue. In addition, (iv) the methyl-ester groups of the accessory chlorophylls A -1A /A -1B significantly stabilized the cationic [P A /P B ] •+ state and (v) the methyl-ester group orientations were completely different in A -1A and A -1B as seen in the crystal structure. When the methyl-ester group was rotated, the spin-density distribution over P A /P B ranged from 22/78 to 15/85. In oxygenic photosynthesis, photosystem I (PSI) participates in the conversion of light to chemical energy with photosystem II (PSII). Light-induced electron transfer occurs along a series of cofactors bound to the PsaA and PsaB subunits of PSI. On the lumen side, there exists a chlorophyll dimer P700 composed of two chlorophylls P A and P B . P B is chlorophyll a (Chla) and P A is Chla', the C13 2 epimer of Chla (Figure 1a) (1; 2). A second Chla pair next to P A /P B is the accessory Chla A -1A /A -1B .
protonation states of all titratable sites in PSI. (ii) The P A •+ /P B •+ ratio for the P A /P B pair is calculated using a large-scale quantum chemical/molecular mechanical (QM/MM) approach with explicit treatment of the complete PSI atomic coordinates divided into two subsystems; the QM region contains the P A /P B dimer and is treated by quantum mechanics (unrestricted DFT/B3LYP and LACVP* level) and the remaining protein subunits and cofactors are treated with the MM force field.
The computational conditions and procedures used in studies on the T. vulcanus PSII (10) (using the 1.9-Å structure (11) ) were consistently used in the present study; this can facilitate the direct analysis and comparison of the influences of protein environments on Chla in both PSI and PSII.
EXPERIMENTAL PROCEDURES
In this article, we employed the following systematic modeling procedure. First, we constructed a realistic molecular model of the whole PSI protein-pigment complex using a high-resolution crystal structure. On the basis of this atomistic model, we evaluated the redox potential of P A /P B by solving the linear Poisson-Boltzmann equation with explicit consideration of the protonation states for all titratable residues. Second, to gain deeper insights into the electronic structure of P A /P B Chla'/Chla heterodimer, we performed large-scale QM/MM calculations for the entire PSI protein-pigment complex. Finally, after confirming the validity of the computational results through comparison with available experimental data, we discussed the atomistic origin that determines the asymmetric distribution of the cationic state of the P A /P B pair. Technical details of each modeling procedure are summarized as follows.
Coordinates. The atomic coordinates were taken from the X-ray structure of the PSI protein-pigment complex from T. elongatus at 2.5 Å resolution (protein data bank code: 1JB0) (11) .
Hydrogen atoms were generated and energetically optimized using the CHARMM force field (12) .
The positions of all non-hydrogen atoms were fixed, and all titratable groups were kept in their standard protonation states; i.e., acidic groups were ionized and basic groups were protonated. For the QM/MM calculations, we added additional counter ions to neutralize the whole system. Atomic partial charges. Atomic partial charges of the amino acids were adopted from the all-atom CHARMM22 (13) parameter set. The charges of the protonated acidic O atoms were increased successively by +0.5 units to implicitly account for the presence of a proton. Similarly, instead of removing a proton to generate the deprotonated state, the charges of all of the protons of the basic groups of Arg and Lys were successively diminished to a total of one unit of charge. For residues for which the protonation states were not available in the CHARMM22 parameter set, appropriate charges were computed (14) . For the atomic charges of Chla (except for P A /P B ) and quinones, we used atomic partial charges from previous studies on PSI (15) (16) (17) ; the charges were determined by fitting the surrounding electrostatic potential of these molecules using the RESP procedure (18) . The charges of equivalent H atoms (e.g., three H atoms of methyl group) were averaged. The electronic wave functions were calculated after geometry optimization with the DFT module in JAGUAR (19) (B3LYP/LACVP*) (Table S1 in the Supporting Information).
Computation of redox potential E m (Chla).
The present computation was based on the electrostatic continuum model, where the linear Poisson-Boltzmann equation was solved using the MEAD program (20) . To facilitate direct comparisons with previous computational results, identical computational conditions and parameters such as atomic partial charges and dielectric constants were used (21; 22) . The redox states of all other cofactors (e.g., A -1 and A 0 Chla, and A 1 quinone) were kept in their neutral charge states during the redox titration of each Chla. We considered F X , F A , and F B in the oxidized charge state [Fe 4 S 4 (SCH 3 ) 4 ] 2for the wild-type PSI as in previous studies (15) (16) (17) . The ensemble of the protonation patterns was sampled using the Monte-Carlo method with (8), the ratio of 25/75 to 30/70 may be possible (9)).
The PSI protein environment shifted the E m values of P A /P B only marginally from those of the reference model system (Table 1a ). The shifts were essentially the same for P A and P B . However, the resulting E m values for the P A /P B molecules must be different because of the difference between E m (Chla') and E m (Chla) in the reference model system. Although the difference between E m (Chla') and E m (Chla) is not known so far, we infer that the former may be higher than the latter because Chla' is thermodynamically less stable than Chla (Figure 1b ) (9) . E m (P A ) was lowered by ~10 mV upon the T(A743)V mutation while E m (P B ) remained unchanged (Table 1a ). The marginal downshift in E m (P A ) was in agreement with a relatively weak H-bond of Thr-A743, as pointed out in spectroscopic studies (29) . As E m (P A ) was lowered (i.e., P A •+ was stabilized), the calculated P A . The present study demonstrates that shifts in E m (P A ) alter the distribution of the cationic (spin) state over P A /P B as reported in mutational studies (27; 28) . Except for this methyl-ester orientation difference, the molecular structures of P A and P B are essentially identical (2) .
Influence of H-bond on the P A

Influence of C13 2 epimer Chla' on P A
To investigate this orientation difference on the P A (Figure 2 ), it is important to clarify the contributions of residues, in particular those located in the PsaA/PsaB heterodimer subunits.
Arg-A750, located on the lumenal side (Figure 3a) , upshifted E m (P A ) the most by 65 mV, due to its positively charged protonated state (Table 2a ). The Arg-A651 on the lumen side and Arg-A728
near F X , both upshifted E m (P A ) by 35 mV. Arg-A728 is ~20 Å away from P A /P B , but its electrostatic influence on E m (P A ) and E m (P B ) is significant because of the complete absence of other titratable residues in the region between P A /P B and F X (Figure 3d ). As both Arg-A651 and Arg-A728 concomitantly increase E m (P A ) and E m (P B ) with almost same magnitude (Table 2a ), these residues were not responsible for the asymmetric distribution of
. Furthermore, according to the protein sequence alignment (with the CLUSTAL program (31)), Arg-A651 and Arg-A728 in PsaA are conserved as Arg-B627 and Arg-B712 in PsaB, respectively, which also upshifts E m (P A ) and E m (P B ) ( Table 2a) .
The same argument also holds true for the E m downshifting residues, which are mainly acidic residues ( , it is not sufficient to search for the residue that induces large changes in E m values, instead it is important to find a "residue pair of PsaA/PsaB" that increases E m (Figure 2 ). Bearing this in mind, we found only a few residue pairs that contribute to non-zero values of E m . The residue pair, Arg-A750/Ser-B734, increased E m by 17 mV (Table 3a ). Note that the residue pair is fully conserved in cyanobacteria and green plants ( Figure 4 ). The Arg-A750/Ser-B734 pair is located near P A /P B on the lumen side ( Figure 3c ).
Indeed, Arg-A750 was already mentioned as the residue that upshifted E m (P A ) the most among all residues in PSI ( Table 2) while its counterpart is an uncharged residue, Ser.
In the absence of the atomic charges of Arg-A750/Ser-B734, we obtained the P A •+ /P B •+ ratio of 30.6/69.4; in which the P A •+ population has increased by ~3 %, with respect to wild-type PSI (Table   1 ). This result indicates that, in turn the Arg-A750/Ser-B734 pair contributes to increase the P B
•+ population in the wild-type PSI by increasing E m . The Arg-A750/Ser-B734 residue pair contributes the most to E m among all PsaA/PsaB residue pairs, however it increases E m only by 17 mV (Table 3a ). The second most contributing residue pair -/Asp-B92, in which the corresponding residue in PsaA is absent among cyanobacteria and green plants (Figure 4 ), contributes 9 mV to E m (Table 3a) . Hence, in comparison with the much larger influence of a number of D1/D2 residue pairs on the E m (P D1 )/E m (P D2 ) difference in PSII (10), the protein environments of PsaA and PsaB in PSI are quite similar in their electrostatic characters.
The residue pairs Arg-A750/Ser-B734 and -/Asp-B92 are responsible for E m in wild-type PSI.
Mutations of these residues would produce other protonation patterns of the titratable residues of PSI to compensate for the induced changes (e.g., charges or protein conformations). Unless the protonation pattern of the titratable residues and the protein conformation remain unchanged upon the corresponding mutations, mutational studies do not directly correspond to the present results of the wild-type PSI.
Differences in the two accessory Chla pairs A -1A and A -1B .
There are also pairs that contribute to decrease E m and facilitate an accumulation of P B
•+ . Unexpectedly, the most influential was the accessory Chla pair, A -1A and A -1B , which decreased E m by 28 mV (Table 3b) . It was surprising, because both A -1A and A -1B are identical molecules, Chla, and the methyl-ester groups of P A /P B , i.e., the region causing the Chla'/Chla difference, is sufficiently far from the interface between P A /P B and A -1A /A -1B .
As expected from the E m value, eliminating the atomic charges of A -1A and A -1B resulted in the decrease in the P A •+ population, shifting the P A The H-bonding partner or any groups that specifies the orientation of the methyl-ester groups of A -1A /A -1B or case steric hindrance is absent. By rotating each methyl-ester group in A -1A /A -1B is rotated by 180° along the C13 2 -C13 3 axis, the P A Table 4 ) and the corresponding spin-density distributions in P A /P B were shifted from 22.4/77.6 to 15.1/84.9, respectively. The spin-density distribution of 15.1/84.9 was considerably shifted from the wild-type PSI value. A similar value of the spin-density distribution (15/85) was reported from EPR studies of PSI from T. elongatus (8) . As the energy required for rotation of the methyl-ester group is not unusually large (due to the sp 3 carbons) and the H-bonding partner that specifies the orientation of the methyl-ester groups of A -1A /A -1B is absent, it is reasonable to assume that the P A
•+ /P B •+ ratio and the spin-density distribution over P A /P B fluctuates within the ranges given in Table 4 . Hence, the orientation of the methyl-ester group in A -1A /A -1B can affect the P A /P B E m and the P A An actual E m (Chla') may be higher than E m (Chla) because Chla' is thermodynamically less stable than Chla (9) . PsaA PsaB
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(b) E m decreasing pairs (i.e., pairs that contribute to accumulation of P A
•+
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